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ABSTRACT
Contrary to the ordinary notion that a metal bar would heat up when
stretched, its surface temperature actually drops below ambient for strains
beyond that of yield, the amount of which would depend on the loading rate.
There eXlsts no single temperature that could represent the specimen as a whole
and hence the system is said to be in a nonequilibrium thermal/mechanical
state. Such a behavior has not been identified with the uniaxial tests for two
reasons. No analytical treatment existed for describing the macroscopic
nonequilibrium behavior until the recent development of the isoenergy density
theory. Measurement of local nonequilibrium temperature requires a fast
response thermistor in addition to a data acquisition system that has the speed
to sample in-situ data. This was made possible only in recent" time.
The objective of this dissertation is to examine the effect of loading rate on
the thermal/mechanical behavior of Al 6061 cylindrical bar specimens under
tension. Data are obtained for four different applied displacement rates of
0.0212, 0.0423, 0.0847 and 0.212 mm/sec. For strains up to about 50% of the
total, the temperature of the aluminum specimen remained below ambient.
There prevail a change in the slope of the temperature versus time curve. The
time of occurrence does not coincide with that of yield initiation as claimed in
the open literature. It depends on the applied loading rate. The magnitude of
the maximum temperature drop below ambient is found to increase with
increasing applied loading rate while the recovery time of the specimen to
ambient conditon increases with decreasing applied loading rate.
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Reliable measurement of nonequilibrium temperature can be used to
monitor the manufacturing quality of high performance materials. The
cooling/heating behavior reflects the interaction of material microstructure with
loading; it can playa significant role in many high-tech. applications.
2
CHAPTER 1 - INTRODUCTION
The determination of the so-called material constants in any theories of_~
continuum mechanics must invariably specify the thermodynamic process under
which the tests are performed. Uniaxial tensile and compressive tests are the
most common types where the state of stress and strain could be assumed to be
one-dimensional within a portion of the specimen referred to as the "gage
length". Much work has been done in the past with reference to possible
discrepancies which prevail in analytical modelling of the actual test conditions.
The adiabatic and constant temperature reversible condition have been invoked
in elasticity to justify the existence of a potential or elastic strain energy
density function. It has been argued that heat transfer between the solid and.
its surrounding is negligible if the load is applied slowly while the temperature
in the solid would remain nearly constant, or if the load is applied quickly.
Measurements of the elastic constants rely on such notions which were known
to be in contrast with experimental observations [1]. That is, the initial portion
of the uniaxial stress and strain curve does not satisfy the equilibrium
thermal/mechanical conditions invoked by the theory of elasticity. Such
discrepancies have been overlooked traditionally. Whether they are relevant in
engineering application or not would depend on the situation under concern.
For an open thermodynamic system such as the uniaxial specimen, there
prevails an exchange of heat between the solid and its surrounding when the
solid is deformed. Early tests [2] on steel bars have shown that the temperature
in the solid decrease below and increase beyond that of ambient when they are
stretched and compressed, respectively. In either case, a reversal of heat flow
3
occurred between the system and environment. This corresponds to
thermal/mechanical nonequilibrium because equilibrium thermodynamics would
have resulted in sign change of the entropy, a violation of the second law of
thermodynamics. The sudden jump of the temperature curves in [2J were
argued to be the instant where the material has reached its yield point. The
same conclusions were drawn in [3,4J based on some modified version of
irreversible thermodynamics formulation. What remains unclear is the
calculation of stress or strain from the nonequilibrium temperature data. Of
suspect are also the works in [5,6J. Reversal of the slope of the
temperature/time response depends on the loading rate. Its location need not
be coincident with the yield stress. This can be concluded from the analytical
and experimental findings of [7,8J. The nonequilibrium thermal/mechanical
phenomenon was explained by the isoenergy density theory [9J.
The two immediate objectives of this thesis are automating the
nonequilibrium temperature measurement and evaluating the displacement rate
effect on the thermal/mechanical stress and strain states of uniaxial tensile
specimens. Contrary to the traditional notion of equilibrium thermodynamics
as applied in formulating the theory of elasticity, the uniaxial data for close to
50% of the total strain are under nonequilibrium conditions where the
temperature in the solid is below ambient. The amount tend to increase with
increasing load rate. Such deviations from the equilibrium conditions can be
significant, particularly in predicting failure of local regions where the strain
rates could be many times higher than that applied globally.
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CHAPTER 2 - NONEQUILIBRIUM TEMPERATURE MEASUREMENT
PROCEDURE
The transient character of size/time/temperature [10] plays-a fundamental
role in defining the change in local temperature. That is, the quantity
temperature is not defined unless the size of region and time interval are
specified with reference to calculations and/or measurements. Suppose that
temperature data are to be taken over a circular region of 1 mm in diameter;
then, the response of the sensor must be sufficiently fast to scan over this region
as the external disturbance is varied with time. Ordinary thermocouples are
not adequate for detecting the change of surface temperature of uniaxial
specimens as loading rates are altered.
Depending on the particular application, the limits and accuracies of the
temperature response could be determined from the isoenergy density theory
[9]. To capture nonequilibrium temperature behavior, a fast response sensor or
thermistor is required to monitor small temperature variations. A data
acquisition system is needed to sample data at a fast rate. Figure 2.1 shows the
flow chart of the system devised for this research.
2.1 Multi-Channel Transient Temperature Analyzer
Illustrated in Figure 2.2 is a photo of the multi-channel transient
temperature analyzer made by Newell. It contains eight (8) analog input
channels and is designed with a programmable gain amplifier that covers both

















Figure 2.1 - The data acquisition system.
6
Figure 2.2 - Multi-channel temperature analyzer (manufactured by Newell).
Figure 2.3 - Thermistor no. 9 (manufactured by VECO).
7
Figure 2.2 - Multi-channel temperature analyzer (manufactured by Newell).
(/
:}
Figure 2.3 - Thermistor no. 9 (manufactured by VECO).
7
scale input ranges. The system is IBM-PC bus compatible and features a high
speed, 12-bit successive approximation A/D converter with typical conversion
times of 25-35 J-lsec resulting in data through put rates in excess of 30 kHz
(machine and software dependent).
The thermistors are manufactured by VEca which is no longer in
business. Figure 2.3 shows a typical thermistor, the tip of which has a diameter
of approximately 1 mm. The resistance/temperature calibration data for the
no. 9 thermistor used in this dissertation are given in Table 2.1.








0 2001 60 115.33
10 1165 70 78.10
20 695.6 80 53.86
30 428.5 90 37.67
40 270.5 100 26.80
50 175.3
2.2 Resistance (or Voltage) /Temperature Relation
There are a total of eight (8) bridge circuits, one for each channel or
thermistor. A schematic diagram of the bridge is shown in Figure 2.4. The
resistance sensor or thermistor is denoted by RT while ~l and ~2 are,
respectively, the variable and micro-variable resistors. They can be used to null
the bridge. Four preset constant resistors R1, R2, R3 and R4 are used. Applied
8
between points +Pe and - Pe is the excitation voltage Ee and between +P0
and - Po is the output voltage Eo.
For the bridge in Figure 2.4, the supply voltage Ee and output voltage Eo
are related as
(2.1)
Let RT be approximated by the exponential expression:
(2.2)
Figure 2.4 - Schematic of bridge circuit.
9
III which Aj (j = 0,1, ... ,3) are coefficients that can be determined from the
calibration data in Table 2.1. Taking the four (4) points at 100, 200, 30° and




A2 = - 2148.86500
A3 = 10186.57000
(2.3)
Calculated values RT are summarized in Table 2.2. Let To denote the ambient





















temperature and set the bridge equilibrium condition Eo = 0 at T = To. This
determines Rp in equation (2.1):
(2.4)
To simplify the analysis, the bridge is designed to yield the output voltage Eo




By application of the conditions established for the low and high temperature





The quantity RL represents the expression in the square bracket of equation
(2.1), i.e.,
(2.8)
Making use of equation (2.5), the temperature can be solved in terms of the
normalized output voltage Eo/Ee as follows:
(2.9)




The temperature difference can thus be determined directly from the voltage
ratio Eo/Eeonce a1 is found from equation (2.7).
2.3 Cooling/Heating Behavior of Uniaxial Tensile Test
Suppose that the ambient temperature To = 19°C is selected while the
lower and higher temperature limits Te = 15°C and Th = 25°C are 'used,
respectively. Knowing RL(T) from equation (2.8), ao and a1 in equations (2.6)
and (2.7) can be computed for the no. 9 VECa thermistor as
ao = - 0.1072176, a1 = 0.0060974 (2.11)
For an input voltage of Ee = 0.1 volt, equation (2.10) together with the second
of equations (2.11) give
~T = 1640.05 Eo
A sensitivity of approximately 0.61 mv(C or 164 mOC/mv is obtained.
(2.12)
A typical time measurement of surface temperature at mid-point of an
aluminum alloy 6061 bar in tension is shown in Figure 2.5. The bar is pulled at
12
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Figure 2.5 - A typical cooling/heating behavior of Al 6061 bar specimen pulled
at a displacement rate of u = 0.0847 mm/sec.
1.45 cm dia 1.25 COl dia ~ 1 mOl dia region
~~t'.r-----------,:l~. ~j8.......:.-l_atm_id-PO_int~.) u
u--()-T-~-
1--<<--11.347 em---1..--II--- G em --I [--11.347 ern----!
0.653 em 0.653 em _I1-,---------- 30 em ------------
Figure 2.6 - Schematic of cylindrical bar specimen.
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Figure 2.6. The nonequilibrium character of the temperature behavior is
exhibited by a drop of temperature below that of ambient while heating of the
specimen occurs as load is increased. Such behavior could not be detected by
the ordinary thermocouple, the sensitivity of which is low in addition to the
high noise level that would overshadow the signal. The noise level in the
present analysis is filtered out by application of the Fast Fourier Transform
(FFT) software. A low pass filter is used to retain the low frequency signal
while the high frequency noise is eliminated.
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CHAPTER 3 - EXPERIMENTAL DATA AND DISCUSSIONS
It is well known that the uniaxial stress and strain behavior is affected by
the rate at which load is applied to the specimen even for the same specimen
size and material. As the loading rate is increased, the specimen response
would tend to be more stiff and behave more brittle. This is known as the
loading rate or strain rate effect and can significantly influence the fracture
initiation load [11]. Of particular interest m this work are the
thermal/mechanical response as influenced by change in the displacement rates
applied to Al 6061 cylindrical bar specimens. The general characteristics are
expected to be the same for other metal alloys such as steel and titanium.
3.1 Temperature Measurement Set-Up
A photo of the Al 6061 cylindrical bar specimen is shown in Figure 3.l.
Refer to Figure 2.6 for the dimensions. Each specimen is first inserted into a
spring loaded thermistor attachment device in Figure 3.2, a schematic of which
is shown in Figure 3.3. The thermistor in Figure 2.3 is mounted into a spring-
loaded arm such that it will always be in contact with the specimen even when
stretched. The pressure between the thermistor tip and specimen is carefully
adjusted and kept constant for each test. Alterations in the temperature data
could occur if the contact pressure is too large or too small.
A special set of grips were designed so that the ends of the cylindrical bar
are firmly secure when the specimen is stretched, Figure 3.4. No slippage was
observed under the loading rates tested. All tests were performed in an Instron
15
Figure 3.1 - Cylindrical bar specimen made of 6061 aluminum.
Figure 3.2 - Spring-loaded thermistor attachment device.
16
-,
Figure 3.1 - Cylilldrical bar specimCll made of 6061 alumillum.
~~~I~::~:;~',"


















Figure 3.3 - Schematic of spring-loaded thermistor attachment device.
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I,
machine as shown in Figure 3.5 together with the multi-channel temperature
analyzer and PC computer. Data are processed automatically via a software
package designed for this work [12]; they could be given in analog or digital
form.
Figure 3.5 - Experimental set-up for measuring nonequilibrium temperature.
3.2 Uniaxial Tensile Tests
Four different displacement loading rates u are applied to the Al 6061
cylindrical bar specimen in Figure 2.6. They are u = 0.0212, 0.0423, 0.0847 and
0.212 mm/sec. Three tests are carried out for each u; they are referred to as
Group 1, 2 and 3. Displayed in Figure 3.6 are the variations of the engineering
stress and strain curves. They all increase approximately linear and then level
off. All curves tend to decrease in applied stress as the specimens break. The
18
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corresponding numerical data for the uniaxial stress u and strain ( related to the


















Figure 3.6 - Engineering stress and strain curves for u = 0.0212 mm/sec.
intrinsic time variable t can be found in Table 3.1. The results for u = 0.0423
mm/sec are shown in Figure 3.7 where larger discrepancies are observed for the
19
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three different groups of test. This is also reflected by the numerical data for IT
and f in Table 3.2. Further increase in u to 0.0847 mm/sec is made and the
resulting plots of the engineering stress and strain curves can be found in Figure
3.8. Deviation from linearity tend to occur at larger strains as u is increased.
This can be seen by comparing the curves in Figures 3.6 to 3.8 inclusive. Refer
to Table 3.3 for (J" and f as a function of t with u = 0.0847 mm/sec. The highest
displacement loading rate u = 0.212 mm/sec is one order of magnitude greater
than the lowest value of u = 0.0212 mm/sec. Appreciable difference can be
seen from the results in Figure 3.9 as compared with those in Figure 3.6
although the general feature remained the same. Figure 3.4 gives the numerical
data of the engineering stress and strain as a function of time.
22
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Figure 3.7 - Engineering stress and strain curves for u = 0.0423 mmlsec.



























































































































Table 3.2 - (continued)
Time Strain Stress
t (sec) f (m/m) 0- (MPa)










































u = 0.0847 mm/sec
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Figure 3.8 - Engineering stress and strain curves for u = 0.0847 mm/sec.






























































































































Table 3.3 - (continued)
Time Strain Stress
























3.3 Cooling/Heating Behavior of Uniaxial Tensile Specimens
Contrary to the ordinary notion that metal tends to heat up when pulled,
the measured temperature difference or gage temperature in Figure 3.10 shows
that tl8 would first drop below the ambient 8 0 . For u = 0.0212 mm/sec, the
Group 1 curve reveals a maximum drop of tl8 = - 0.8954 °C at t ~ 273 sec.
The surface temperature of the solid across the ambient level at time between
297 and 312 sec is close to 5.2 minutes after loading. That is when heat is being
transferred from the surrounding to the specimen. As tl8 changes sign, the
28
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u = 0.212 mm/sec
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Figure 3.10 - Cooling/heating behavior of Al 6061 specimen at u = 0.0212
mm/sec.















































































































Table 3.4 - (continued)
Time Strain Stress






















heat flow would change sign accordingly. This implies a sign change in the
definition of entropy in classical thermodynamics. Hence, the nonequilibrium
temperature change ~e should be carefully distinguished from the classical
definition of equilibrium temperature ~T. As ~e becomes positive for t > 312
sec, the temperature in the specimen rises about that of ambient. This is
expected as more stored energy is being converted into heat. The same
behavior is observed for the Group 2 data where the maximum drop ~0 =
- 0,9621 °C is found at t ~ 242 sec. Recovery of the specimen to the ambient
condition occurs between t = 281 and 297 sec. The Group 3 data are nearly the
same as those for Group 2 with (~0)max = -0.927 °C at t ~ 235 sec where ~e
32
= 0 corresponded to time between 297 and 313 sec. Numerical data of ~0 for
the three groups are given in Table 3.5.
As u is increased from 0.0212 to 0.0423 mm/sec, the time at which
negative (~0)max occurs is decreased. This can be seen from the three curves
in Figure 3.11. For the Group 1 curve, negative (.6..0)max = -0.958 °C
occurred at t = 114 sec and t.0 = 0 at time between 127 and 138 sec. Similar
conclusions can be made for Group 2 and 3 data in Table 3.6. The location of
(~0)max occurs even earlier when u is increased to 0.0847 mm/sec. Figure 3.12
shows that (~0)max = -1.237 °C at t = 65.51 sec. Table 3.7 gives the results
for Group 2 and 3; they do not differ appreciably. At u = 0.212 mm/sec, the
magnitude of (~0)max increased considerably while the time at which it takes
place decreased, Figure 3.13. Figure 3.14 displays the data for the numerical
results of Group 1, 2 and 3 in Table 3.8. The curve for Group 1 gives (~0)max
= -1.2398 °C at t = 25.9 sec. This is about one and one half times greater in
absolute magnitude than the maximum temperature drop at u = 0.0212
mm/sec. The time t = 25.9 sec is almost one order of magnitude smaller than
the location of (~0)max in Figure 3.10. These features are given in Figure 3.15.
Increase in recovery time of the specimen to ambient condition with decreasing
applied displacement rate is displayed in Figure 3.16. That is, the time for
which the specimen can be best explained by comparing the results for all the
four (4) different displacement rates.
33
Table 3.5 - Nonequilibrium local temperature data for Al 6061 cylindrical































































































































































































3.4 Effect of Loading Rates




















The effect of loading rates on the cooling/heating behavior of Al 6061
cylindrical bar under tension can be best illustrated by taking the average
values of the three groups for each u in Tables 3.5 to 3.8 inclusive. There
results four (4) curves showing the variations of the average temperature change
~8 with time. They all decrease in magnitude reaching a trough and then
increase beyond the ambient condition ~8 = O. As u decreases one order of
magnitude from 0.212 to 0.0212 mm/sec, the depth of the trough (~8)max
decreases while the time at which ~8 = 0 increases as if each curve is stretched
out like a string pulled out by an inclined force whose horizontal component
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Figure 3.11 - Cooling/heating behavior of Al 6061 specimen at u = 0.0423
mm/sec.
Table 3.6 - Nonequilibrium local temperature data for Al 6061 cylindrical

























































































































































































drop and the corresponding time for each u. A plot of (.6.8)max versus u
remains below the ambient condition is prolonged when the loading rate is
decreased. Nonequilibrium prevails for a large portion of the stress-strain
history; its _behavior should not be overlooked when dealing with
thermal/mechanical effects.
3.5 Thermal/Mechanical Behavior
As mentioned earlier, the effect of cooling and heating cannot be treated by
classical thermomechanics because it invokes sign change in the entropy
quantity. Violation of the second law of thermodynamics was committed in the
works of [4-6] because thermoelasticity and thermoviscoelasticity theories are
confined within the framework of classical or equilibrium thermodynamics. The
times at which the specimen temperature attains a negative maximum and
returns to the ambient condition do not necessarily coincide with yielding or
deviation from linearity on the stress-strain curve. The former and latter are
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Figure 3.12 - Cooling/heating behavior of Al 6061 specimen at u = 0.0847
mm/sec.
Table 3.7 - Nonequilibrium local temperature data for Al 6061 cylindrical
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Figure 3.14 - Average values of temperature change of three tests for each
displacement rate u.
Table 3.8 - Nonequilibrium local temperature data for Al 6061 cylindrical









































































































































indicated in Figure 3.17. For all of the four cases of u examined, the commonly
referred to yield point tends to lie in between the stress-strain states (0"m,tm)
and (O"o,to). This is in contrast to the claims made in [2-4]. Average values of
these stress-strain states for different u are calculated in Tables 3.10 and 3.11;
their locations are shown on Figures 3.6 to 3.9 inclusive. While u and t tend to
behave monotonically, (um;zm) in Table 3.10 and (O'o;fo) in Table 3.11 tend to
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Displacement Rate ux 10-4 (m/sec)
Figure 3.15 - Decrease of maximum average temperature drop with increasing
displacement rate.
with loading rates when compared to the temperature data in Figure 3.14 that
possess a more orderly variation with u.
Of interest is also the portion of Tm and To as compared with the total
average strain Tf" They are computed in percentage and given in Table 3.12.
48
Table 3.9 - Maximum temperature drop for Al 6061 cylindrical specimen
stretched at different rates
Displacement Rate Group Time Maximum average
u (mm/sec) No. t (sec) temperature drop
(L\8)max ("C)
0.0212 1 272.683 - 0.895377
2 242.443 - 0.962162
3 235.207 - 0.926729
(ave: 250.111) (ave: - 0.928089)
0.0423 1 114.4360 - 0.957519
2 116.8260 -1.137340
3 117.0570 - 0.951434
(ave: 116.106) (ave: -1.01543)
0.0847 1 65.5072 -1.236680
2 68.1928 -1.178900
3 62.3184 -1.302340
(ave: 65.339) (ave: -1.23931)
0.212 1 25.8758 -1.239680
2 25.8108 -1.375940
3 25.7454 -1.365210
(ave: 25.811) (ave: -1.1326943)
Table 3.10 - Average stress-strain states (um,Tm) corresponding to maximum
temperature drop for different applied displacement rates
Displacement Time Stress Strain
rate u (mm/sec) t (sec) Urn (MPa) Tm (m/m)
0.0212 250.11 278.95 0.0884 ,"
0.0423 116.11 301.50 0.0819
0.0847 65.36 295.95 0.0923
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Figure 3.16 - Increase in recovery time of specimen to ambient condition with






























Figure 3.17 - Identification of stress-strain state for maximum temperature drop
(0"m,Em ) and for restoration to ambient temperature (0"O,EO ).
Table 3.11 - Average stress-strain states (0'0,70 ) corresponding to restoration of
ambient condition for different applied displacement rates
Displacement Time Stress Strain
rate u(mm/sec) t (sec) 0'0 (MPa) Yo (m/m)
0.0212 295.78 309.67 0.105
0.0423 136.90 325.29 0.0965
0.0847 77.97 312.56 0.1101
0.2120 32.02 319.20 0.1131
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The data in Table 3.12 do show that the uniaxial strain history for the most
part is in the nonequilibrium range.
3.6 Local Energy Dissipation Density
For a nonequilibrium process, there is no single temperature that refers to
the system as a whole. The local states in a system changes continuously with
time. In mechanical terms, the system would be nonhomogeneous in that the
constitutive coefficients are functions of the space and time variables.
Conventional continuum mechanics theories are entirely helpless in dealing with
such nonequilibrium states. Only the isoenergy density theory [9] can provide a
macroscopic description of each mass element.
nonequilibrium temperature e is given by
In this approach, the
(3.1 )
in which T and e are, respectively, the isostress and isostrain. For a hydrostatic
state of stress or strain where the stresses and strains are the same in all
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directions, the energy transmitted across all surfaces would be the same. The
ordinary stress (J and ordinary strain ( are then equal to the isostress T and
isostrain e, respectively. Equation (3.1) can thus be written as
~ee= ~~(, (hydrostatic stress state) (3.2)
The negative sign denotes work done on the system. Referring to Figure 3.18,











Figure 3.18 - Increment of work done.
corresponds to the work done as the stress and strain traverse the increment ~(J
and ~(, i.e., NW = ~(J~e/2. Hence, equation (3.2) becomes
~ee= 2~~, (hydrostatic stress state)
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(3.3)
Since e and 'W can be obtained from experiments, the energy dissipation
density ".D can be calculated from equation (3.3) for those elements in a
hydrostatic state of stress. Equations (3.2) and (3.3) are not valid in general for
a nonequilibrium process. The quantity ".D has been proposed by the Office of
Naval Research team [13] as the parameter for characterizing the damage
behavior of composites. The measurement of nonequilibrium temperature
technique provides a much simpler way for obtaining the energy dissipation
density.
3.7 Physical Interpretation of Order and Disorder
All physical systems are disturbed internally when they are excited
externally. In thermodynamics, it is said that work is being done on the
system. The amount of dissipation of this work into internal energy depends on
the thermodynamic process, say either isothermal or adiabatic. These processes
invoke certain order or disorder as quantified by entropy S in equilibrium
thermodynamics. Its application is limited to an isolated system in which S is
positive definite and tends to increase, i.e.,
~Q~S ='1' > 0 (3.4)
in which T is the absolute equilibrium temperature and ~Q the increment of
heat transfer. The equality and unequality sign in equation (3.4) corresponds,
respectively, to a reversible and irreversible process.
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The tests conducted in this work are those for an open system where no
restrictions are imposed on the ways with which energy is exchange'd between
the system and its surrounding. In other words, no a priori assumption is made
on the thermodynamic process. For the uniaxial tensile test performed, the
process is neither adiabatic nor isothermal.
To be more specific, should the data in Figure 3.14 be interpretated by
equation (3.4), then .6.Q would change sign if it is directly related to .6.T as
.6.Q = C.6.T (3.5)
with C being the heat capacity coefficient. Note that .6.T (or .6.8) is negative
and then becomes positive. Because T is positive definite in equation (3.4), sign
change in .6.Q would imply .6.5 could be negative. This would contradict the
statement that .6.8 can only be positive. The understanding is that all processes
tend toward a state of greater disorder when disturbed.
The %-function in the isoenergy density theory [9] can be negative or
positive depending on whether the disturbance in the system is orderly or
disorderly. It is defined as
(3,6)
Negative % corresponds to system gain order when load is first applied as the
temperature drops below ambient. That is, the elements within the system
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experience a uniaxial alignment as it is stretched. Internal disorder sets in with
increase in internal heat generation. The Jf,-function would then become
positive and increase in magnitude. Inflection point on the Jf,-curve has been
observed [14] and is associated with phase transition such as solid to liquid or
liquid to gas. Since Gj) could be found experimentally by the procedure
described in Section 3.6, % can also be obtained from equation (3.6) to
determine the order and/or disorder at a given location of the system.
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CHAPTER 4 - CONCLUSIONS AND FUTURE WORK
Presented in this thesis is a procedure for measuring the nonequilibrium
transient temperature of uniaxial tensile specimen subjected to different loading
rates. Data could be presented in analog or digital form. A knowledge of
size/time/temperature interaction effect is essential for establishing the fast
time response of a given thermistor probe size. Stress-strain data sampling time
must also be compatible with the transient character of the local deformation.
Sufficiently accurate thermal fluctuations are obtained for Al 6061 cylindrical
bar specimens subjected to four (4) different loading rates that varied by one
order of magnitude. Two important findings can be stated:
o Magnitude of the maximum temperature drop below ambient tends to
increase with increasing applied displacement rate.
o Recovery time of speCImen to ambient condition lllcreases with
decreasing applied displacement rate.
The above two events are typical of the nonequilibrium thermal/mechanical
behavior of metal alloys; they do not coincide directly with the yield point as
claimed in previous works [2-4].
The automated multi-channel temperature analyzer could be used to better
understand the cooling/heating behavior of different materials under simple and
complex loading systems. Some of the more immediate problems for the future
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could be outlined:
• Measure temperature change of uniaxial tensile and compreSSIve
specimens made of polymer, composites, ceramics and others and correlate the
transient temperature behavior with change in their microstructure.
• Obtain temperatures at different locations of solids under complex
deformation. The region under tension and compression should initially
correspond, respectively, to a drop in temperature below ambient and rise in
temperature above ambient. The opposing side of a beam in bending should
exhibit such a behavior.
o Apply the procedure described in Section 3.6 for determining the energy
dissipation density GJl and compare the results with those obtained by the more
complex method proposed in [13].
o The isoenergy density theory [9] can be applied as it was done in [15] to
check the transient temperature data measured in this work.
Additional effort is required to better control the contact pressure between
the thermistor tip and specimen such that even smaller deviations in the
temperature data could be minimized or eliminated.
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